Food and drugs can activate brain dopamine systems and sensitivity to the effects of drugs acting on those systems is influenced by amount and content of food consumed. This study examined the effects of drinking sucrose on behavioral effects of the direct-acting dopamine receptor agonist quinpirole. Male Sprague-Dawley rats (n = 6/ group) had free access to water or 10% sucrose and quinpirole dose-response curves (yawning and hypothermia) were generated weekly for 8 weeks. Subsequently, all rats drank water for 8 weeks with quinpirole dose-response curves determined on weeks 9, 10, and 16. In rats drinking sucrose, the ascending (D3 receptor-mediated), but not descending (D2 receptormediated), limb of the yawning dose-response curve shifted leftward. The D3 receptor-selective antagonist PG01037 shifted the ascending limb of the dose-response curve to the right in all rats. When rats that previously drank sucrose drank water, their sensitivity to quinpirole did not return to normal. Quinpirole-induced hypothermia was not different between groups. These data show that drinking sucrose increases sensitivity to a dopamine D3, but not D2, receptor-mediated effect and that this change is long lasting. Dopamine receptors mediate the effects of many drugs and the actions of those drugs are likely impacted by dietary factors.
Introduction
Some drugs of abuse, as well as consumption of certain foods, can activate common dopamine pathways (Hernandez and Hoebel, 1988a; Wise and Rompre, 1989) and elevate levels of extracellular dopamine in the brain (Di Chiara and Imperato, 1988; Hernandez and Hoebel, 1988b) . Dopamine receptors mediate the effects of some drugs of abuse (e.g. direct-acting dopamine-receptor agonists; Caine and Koob, 1993; Sinnott et al., 1999) and previous studies have examined how drugs (e.g. cocaine) and dietary conditions (e.g. consumption of sucrose) impact dopamine systems (Kleven et al., 1990; Georges et al., 1999; Letchworth et al., 1999; Rada et al., 2005 Rada et al., , 2010 . For example, dopamine D1 receptor binding (Colantuoni et al., 2001) , dopamine D3 receptor mRNA (Spangler et al., 2004) , and extracellular dopamine concentrations (Rada et al., 2005) are increased in rats that have intermittent access to a sucrose solution. Given a choice between cocaine and a sweetened solution, rats respond more for sucrose than for cocaine (Lenoir et al., 2007) and rats with access to sucrose drink less amphetamine solution as compared to rats with no access to sucrose (Kanarek et al., 1996) . Collectively, these data suggest that access to a sweetened solution impacts the effects of drugs acting indirectly at dopamine receptors. Less is known on whether access to sucrose or other highly palatable substances modifies sensitivity to drugs acting directly at dopamine receptors (Foley et al., 2006) , although recent studies show that sensitivity to the direct-acting dopamine receptor agonist quinpirole is increased in rats eating high fat food (Baladi and France, 2009; .
The current study examined whether drinking a 10% sucrose solution alters the sensitivity of rats to quinpirole-induced yawning and hypothermia. It is well established that D3 receptors mediate the induction (ascending limb of dose-response curve) whereas D2 receptors mediate the inhibition (descending limb) of dopamine receptor agonist (e.g. quinpirole)-induced yawning (Collins et al., 2005; , whereas hypothermia produced by the same drugs is thought to be mediated by dopamine D2 receptors (Nunes et al., 1991; Chaperon et al., 2003; Collins et al., 2007; . On the basis of results obtained in rats eating another highly palatable substance (high fat chow), it was hypothesized that sensitivity to quinpirole-induced yawning would increase in rats drinking sucrose, as compared with rats drinking water. In addition, if a leftward shift in the ascending limb of the quinpirole dose-response curve in rats drinking sucrose reflects increased sensitivity at D3 receptors, then a D3 receptorselective antagonist should shift the ascending limb of the curve back to the right, without affecting the descending limb of the curve. Finally, if drinking sucrose selectively increases sensitivity at D3 (i.e. not at D2) receptors, then drinking sucrose should not affect either the descending limb of the yawning dose-response curve or the hypothermic effects of quinpirole.
Methods

Subjects
Twelve male Sprague-Dawley rats (Harlan, Indianapolis, Indiana, USA), weighing 250-300 g upon arrival, were housed individually in an environmentally controlled room (24 ± 11C, 50 ± 10% relative humidity) under a 12/12 h light/dark cycle with free access to water and standard laboratory chow (for some rats, access to water was replaced with a 10% sucrose solution; see below). Animals were maintained and experiments were conducted in accordance with the Institutional Animal Care and Use Committee, the University of Texas Health Science Center at San Antonio, and with the 1996 Guide for Care and Use of Laboratory Animals (Institute of Laboratory Animal Resources on Life Sciences, the National Research Council, and the National Academy of Sciences).
Drinking conditions
For the first 8 weeks of the study (i.e. 56 days), six rats had free access to water in the home cage whereas the other six rats had free access to 10% sucrose in water. For the final 8 weeks of the 16-week study, all rats had free access to water only. Body weight and fluid intake were recorded daily.
Yawning
Yawning was defined as an opening and closing of the mouth such that the lower incisors were completely visible (Sevak et al., 2008; Baladi and France, 2009 ). On test days, rats were transferred from their home cage to a test cage (same dimensions as the home cage but with no food, water, or bedding) and allowed to habituate for 15 min. All experiments began with assessment of yawning after injection of vehicle. Dose-response curves were generated for cumulative doses of quinpirole (0.0032, 0.01, 0.032, 0.1, 0.32 mg/kg intraperitoneally) administered every 30 min. Beginning 20 min after each injection, the total number of yawns was observed for 10 min and recorded. Dose-response curves were generated once per week for 8 weeks while rats drank either water or sucrose. Next, all rats had free access to water and quinpirole dose-response curves were determined in weeks 9, 10, and 16 of the study. During week 7, rats received an injection of the D3 dopamine receptor-selective antagonist PG01037 (56.0 mg/kg subcutaneously) 30 min before the first dose of a quinpirole dose-response determination. This dose of PG01037 in this strain of rat and by the subcutaneous route of administration has antagonist actions at D3 dopamine receptors (Collins et al., 2005; .
Body temperature
Rectal body temperature was measured in a temperature controlled room (24 ± 11C and 50 ± 10% relative humidity) by inserting a lubricated thermal probe attached to a thermometer 3 cm into the rectum. Animals were adapted to the procedure by measuring body temperature on several occasions before beginning the study. During yawning experiments, body temperature was measured after each 10 min observation period and before the next injection.
Data analyses
Results are expressed as the average (± SEM) number of yawns during a 10 min observation period and the average change in body temperature (1C), plotted as a function of dose. Data are also presented as average body weight in grams and average fluid intake per 24 h in milliliters, both plotted as a function of day. Body weight and fluid intake data were analyzed with either a one-way (time) or twoway (time and drinking condition) analysis of variance for repeated measures. A post-hoc Bonferroni test was used to examine significant differences between drinking conditions with significance set at P < 0.05. For each group, differences between quinpirole dose-response curves for yawning (separately for the ascending and descending limbs) and hypothermia were analyzed by simultaneously fitting straight lines to the linear portion of the dose-response curves by means of GraphPad Prism (GraphPad, San Diego, California, USA). The linear portion included doses that spanned the 50% level of effect and included not more than one dose producing greater than 75% effect and not more than one dose producing less than 25% effect. Differences between the slopes and intercepts of the curves were analyzed with the F-ratio test (GraphPad Prism; GraphPad) as detailed elsewhere (Koek et al., 2006) . The common slope values calculated by GraphPad Prism (GraphPad) were used to constrain the fit of the parallel line assay. Differences between quinpirole dose-response curves in the presence and absence of antagonist were analyzed by line analysis methods described above. Using a maximum effect that was determined for individual rats, ED 50 values were calculated using linear regression; 95% confidence limits were calculated from ED 50 values averaged among rats.
Drugs
Quinpirole dihydrochloride was purchased from Sigma-Aldrich (St Louis, Missouri, USA) and PG01037 (N-{4-[4-(2,3-dichlorophenyl)-piperazin-1-yl]-trans-but-2-enyl}-4-pyridine-2-yl benzamide HCl) was synthesized by Jianjing Cao (Medicinal Chemistry Section, National Institute on Drug Abuse, Baltimore, Maryland, USA) using methods reported previously .
Quinpirole was dissolved in sterile 0.9% saline and PG01037 was dissolved in 0.9% saline and 10% b-cyclodextrin. PG01037 and quinpirole were administered subcutaneously and intraperitoneally, respectively, in a volume of 1 ml/kg.
Results
After 56 days (8 weeks) of free access to either water or 10% sucrose solution, body weight increased an average of 87 ± 2 g (mean ± SEM) and 78 ± 4 g, respectively (Fig. 1,  upper panel, open circles and squares). For the remaining 56 days (8 weeks) of the study, when all rats had free access to water, the body weight of rats that previously drank sucrose (closed squares) initially decreased (-5 ± 2 g) then recovered with those rats gaining, on average, an additional 60 ± 8 g by the end of the study. Rats that drank only water gained an additional 50 ± 5 g during the last 56 days of the 112-day (16-week) study ( Fig. 1, upper 
panel circles).
Fluid intake during the initial 56 days of the study remained constant within each group of rats with no significant difference across days; moreover, while there was a trend for more drinking of sucrose as compared with water, this difference was not statistically significant ( Fig. 1, lower panel) . When rats that previously drank sucrose had access to water only (closed squares, lower panel, Fig. 1 ), fluid intake decreased significantly (P < 0.05) compared with daily fluid intake when the same rats drank sucrose and compared with intake in rats that drank only water throughout the study. There was no significant difference in fluid intake within each group for the last 56 days of the study.
In all rats, small doses of quinpirole increased yawning, which diminished with the administration of larger doses, resulting in an inverted U-shaped dose-response curve (Fig. 2) . The quinpirole dose-response curves were not different between rats that drank water or a 10% sucrose solution for 21 days (Table 1) ; however, after 28 days the ascending limb, but not the descending limb, of the quinpirole dose-response curve was shifted significantly to the left (P < 0.05) in rats drinking sucrose, as compared with rats drinking water (Fig. 2, upper panel) . That is, the linear portion corresponding to the ascending limb of the dose-response curve in rats with free access to either 10% sucrose solution or water could be fitted with a common slope but different x-intercepts, indicating that drinking sucrose shifted the curve to the left. Furthermore, in rats drinking sucrose the ascending limb of the quinpirole dose-response curve remained shifted significantly to the left (P < 0.05) for the next 2 weeks (Table 1) .
A dose of 56 mg/kg of the dopamine D3 receptor selective antagonist PG01037 shifted the ascending limb of the quinpirole yawning dose-response curve significantly to the right (P < 0.05), both in rats drinking water and in rats drinking sucrose (Fig. 2, middle panel) , without affecting the descending limb of the dose-response curve in either group. In rats drinking either sucrose or water, the linear portion corresponding to the ascending limb of the dose-response curve in the presence and absence of the antagonist could be fitted with a common slope but different x-intercepts. Furthermore, for each group, quinpirole yawning dose-response curves determined before (i.e. day 42) and after (i.e. day 56) the antagonist experiment were not different, indicating that antagonist treatment had no long-lasting effect ( Table 1) .
Rats that previously drank sucrose subsequently drank water only whereas other rats continued drinking water; dose-response curves for quinpirole were determined in all rats during weeks 9, 10, and 16 (i.e. 7, 14, and 56 days after termination of access to sucrose in six of the rats). At 7, 14, and 56 days after termination of access to sucrose the ascending limb of the yawning dose-response curve 4 2 4 9 5 6 6 3 7 0 7 7 8 4 9 1 9 8 1 0 5 1 1 2 3 5 1 7 1 4 2 1 2 8 4 2 4 9 5 6 6 3 7 0 7 7 8 4 9 1 9 8 1 0 5 1 1 2 3 5 Water 10 % sucrose Water (sucrose history) Body weight (upper panel) and fluid intake (lower panel) in two groups of rats over the 16-week (112-day) study. One group had free access to water throughout the study (open circles) whereas the other group had free access to a 10% sucrose solution for 8 weeks (56 days; open squares) followed by free access to water for 8 weeks (gray squares). Each symbol represents the mean (± SEM) of six rats. Horizontal axes: day of study. Vertical axes: mean (± SEM) body weight in grams (upper panel) and mean (± SEM) fluid intake in milliliters in a 24-h period (lower panel).
remained shifted significantly to the left (P < 0.05) in rats that previously drank sucrose (Fig. 2 , lower panel; Table 1 ). However, the descending limb of the quinpirole dose-response curve was not changed and was not different between groups.
Dose-response curves for quinpirole-induced hypothermia were determined once per week for the first 8 weeks (56 days) of the study when different groups of rats drank either water or sucrose and also during weeks 9, 10, and 16 (i.e. study days 63, 70, and 112) when all rats drank water. Regardless of drinking condition, baseline (i.e. in the absence of drug) body temperature and doseresponse curves for quinpirole-induced hypothermia were not different between groups. For example, in rats drinking either water or 10% sucrose solution for 28 days, the control body temperature (mean ± SEM) after vehicle injection was 36.9 ± 0.16 and 36.9 ± 0.171C, respectively. The hypothermic effects of quinpirole were not different between rats drinking water and rats that drank a 10% sucrose solution for 28 days (Fig. 3) as indicated by common slopes and x-intercepts.
Discussion
This study shows that rats drinking 10% sucrose solution are more sensitive than rats drinking water to quinpiroleinduced yawning. Specifically, the ascending limb of the yawning dose-response curve, which is known to be mediated by agonist activity at dopamine D3 receptors (Collins et al., 2005; , was shifted to the left in rats that drank sucrose for 4 weeks. Furthermore, the dopamine D3 receptor-selective antagonist PG01037 shifted the ascending limb of the dose-response curve to the right in all rats, indicating that D3 receptors mediate the induction of yawning, both in rats drinking sucrose (i.e. when the curve is shifted leftward) and in rats drinking water. Results from this study also suggest that increased sensitivity to quinpirole-induced yawning persists after rats no longer have access to sucrose. Changes in sensitivity to quinpirole were selective for D3 and not D2 receptor mediated effects, insofar as the descending limb of the yawning dose-response curve as well as the dose-response curve for quinpirole-induced hypothermia were not different between rats drinking sucrose and those drinking water.
The mechanisms mediating changes in sensitivity to dopamine receptor agonists under different nutritional conditions are not well established. A previous study reported that consumption of sucrose increased dopamine D3 receptor mRNA levels and decreased dopamine D2 receptor mRNA levels (Spangler et al., 2004) ; however, in that study rats had intermittent access to sucrose and food. In the current study, where D3 but not D2 receptormediated effects were altered by consumption of sucrose, rats had unlimited access to sucrose (or water) and food. There are other examples where both the pattern of consumption (e.g. access) and the type of consumption (e.g. food, drink) affected dopamine systems and the actions of drugs acting on those systems; moreover, D3 and D2 receptor mediated effects are sometimes altered in a manner that is qualitatively and quantitatively different. For example, eating high fat chow increases the sensitivity of rats to D3 and D2 receptor mediated effects of quinpirole Quinpirole-induced yawning in two groups of rats on days 28, 49, and 112 of the study (upper, middle, and lower panels, respectively). Data shown by symbols and dashed lines in the middle panel are the effects of quinpirole determined on day 42 (1 week before the antagonism study with PG01037 on day 49) in rats drinking either water or 10% sucrose. Horizontal axes: dose in milligrams per kilogram of body weight; 'V' = vehicle. Vertical axes: mean ( ± SEM) number of yawns in 10 min. See Fig. 1 for other details. (Baladi and France, 2009; Baladi et al., 2011) ; similar to the current study, altered sensitivity to quinpirole was not apparent until after 28 days of eating high fat chow (Baladi et al., 2011) . In contrast, food restriction, regardless of chow type, increases the sensitivity of rats to D2, but not D3, receptor mediated effects of direct-acting dopamine receptor agonists (Collins et al., 2008; Baladi et al., 2011) and this effect develops quickly (within 7 days). In the current study, drinking sucrose increased sensitivity to D3 and not D2 receptor mediated effects of quinpirole. Together with other studies, it is clear that body weight, access conditions, and the type of substance consumed can significantly impact behavior and neurochemistry (Avena et al., 2008; Sevak et al., 2008) .
Although there was no significant difference in body weight between the two groups of rats throughout this study, there was a trend for rats drinking sucrose to weigh less than rats drinking water, even when rats that previously drank sucrose were given free access to water. Others have shown that with more calories being consumed from drinking a sucrose solution there is a reduction in the amount of calories consumed from eating chow (Spector and Smith, 1984) .
Similarly, in the current study rats drinking sucrose did not gain weight faster than rats drinking water, presumably because of differences in food intake between groups. There was a trend for rats with access to a sucrose solution to drink more (volume) as compared with rats with access to water, although the difference was not statistically significant. The concentration-response curve for sucrose intake is an inverted U-shape (Collier and Bolles, 1968; Spector and Smith, 1984) , whereby consumption of sucrose solution increases to a maximum volume with increasing concentration; however, further increases in concentration result in decreased consumption. In the current study, when rats that previously drank sucrose were given access to water, fluid intake decreased significantly as compared with intake when the same rats drank sucrose and compared with rats that drank water throughout the study. Other studies have shown that in rats with intermittent access to palatable chow, the consumption of standard chow decreases as compared with rats eating only standard chow (Cottone et al., 2008) . Thus, a history of drinking sucrose might result in long-term changes both in sensitivity to drugs and in fluid intake.
Among many factors (e.g. age, sex, and drug history) that can affect sensitivity to drugs, dietary conditions appear to significantly impact both brain neurochemistry and the behavioral effects of drugs acting on dopamine systems. It is well established that the same brain circuitry can be activated by drugs and by nondrug reinforcers (e.g. food, sucrose) and the current study extends the generality of those findings to the consumption of sucrose impacting the behavioral effects of a direct-acting dopamine receptor agonist. Given that many drugs (therapeutics ED 50 values (95% confidence limits) for the ascending limb of the quinpirole dose-response curve for yawning in six rats. b ED 50 values (95% confidence limits) for the descending limb of the quinpirole dose-response curve for yawning in six rats. Quinpirole-induced hypothermia in two groups of rats on day 28 of the study. Vertical axis: mean ( ± SEM) change in body temperature in 1C. See Fig. 1 for other details.
and drugs of abuse) act on dopamine systems and that consumption of highly palatable foods (sucrose and high fat) has increased worldwide (Popkin and Nielsen, 2003; Malik et al., 2006) , there is a need to better understand the short-term and long-term consequences of eating certain foods on sensitivity to drugs.
